Introduction
The optic radiations(OR) were first identified and described by Louis-Pierre Gratiolet using brain fixation and dissection 1 . Since then, anatomists have displayed the course of the OR using Klingler's fiber dissection technique in cadaveric study 2 . Three bundles of the OR were found in the classic cadaveric study by Meyer, which were named inferior, central, and superior bundles 3 . It is believed that the inferior and superior bundles represent fibers of the lower and upper quadrants of the retina respectively, and the central bundle carries macular information 3, 4 . The inferior bundle starts from the lateral geniculate nucleus (LGN), runs in an anterolateral direction into the anterior temporal lobe, rounds the roof of temporal horn (TH) of the lateral ventricle, and loops back to occipital cortex. This loop of the OR is called Meyer's loop (ML) 3 . However, this classical description of the OR has been called into question by recent cadaveric studies 5, 6 , in which the authors thought it was not possible to accurately delineate the anterior tip of the OR even using micro-dissection techniques in cadaveric studies, particularly amongst a dense network of many neighboring fibers.
Diffusion tensor imaging (DTI) is an MR imaging technique that can be used to characterize the directional properties of the diffusion of water molecules 7 . Application of this technique to the human brain can provide unique in vivo visualization of white matter architecture 8 . DTI fiber tractography(DTI-FT) is a mathematical technique to reconstruct white matter tract representations in three-dimensional (3D) space based on DTI. Since DTI-FT offers the only non-invasive method of demonstrating white matter tracts in vivo, it may be useful for identifying the OR and ML non-invasively 4, [9] [10] [11] [12] [13] . However, diffusion tensor fiber tractography for the OR, particularly for ML, is still challenging because tracking algorithms and technique limitations may fail to demonstrate oblique or parallel fiber tracts or tracts with large and/or sharp curvature 9, 12, 14, 15 . Several groups have used DTI tractography to demonstrate the OR and ML and have quantified distances from these structures to the temporal pole, temporal horn and occipital pole 4, 15, 16 . The results have varied with the largest difference between studies over 20mm. The most powerful validation is comparison of visual field deficits (VFDs) pre-and post-operatively 15, 17, 18 . Unfortunately, the results even after applying VFD comparison are still quite variable 15, 17, 18 .
The OR are surrounded by numerous neighboring tracts which are not easily dissected from the OR in cadaveric study, especially the anterior part of the OR 5, 6 . Little work has specifically described the relationships of the OR, inferior longitudinal fascicle (ILF) and parieto/occipito/temporo-pontine fascicle (POTPF) either in cadaveric or DTI tractography studies 19, 20 . Those fascicles are very close to each other, potentially affecting the assessment of location and size of the OR in cadaveric and DTI tractography studies. In addition, no previous work has described the projection of the OR onto a 3D brain surface, within a subject-specific 3D brain model reconstructed from the T1-weighted MR images. Such a model could provide useful information for pre-operative planning. In order to characterize the course and location of the OR and its relationships with other neighboring fascicles, we studied10 healthy subjects.
Methods

Subjects
Ten healthy subjects (three males) without history of neurological disease, head injury, or psychiatric disorder were included (mean age =30±8y). Subjects were recruited after Institutional Review Board approval (Partners Healthcare, Brigham and Women's Hospital, BWH, Boston, MA, USA) and written informed consent was obtained from all subjects.
MRI acquisition
MRI was performed using a 3.0 Telsa machine (GE Sigma, General Electronic, Milwaukee, WI, USA). Whole brain T1-weighted axial 3D-SPGR(spoiled gradient recalled) MR images (TR = 7500ms, TE = 30ms, flip angle = 20°, matrix = 512×512, 176 slices, voxel size = 0.5×0.5×1mm 3 ) were acquired. A single shot spin-echo echo-planar sequence was used for DTI with diffusion gradients in 31 non-collinear directions (b = 1.000 s/mm 2 , matrix = 256×256, 44 slices to cover the whole brain, voxel size = 1×1×3mm 3 ).
Data processing
DTI computed fractional anisotropy (FA) maps were individually registered with T1weighted images using Slicer 3.3 (Surgical Planning Laboratory, Brigham and Women's Hospital, Harvard Medical School, Boston, Massachusetts, USA; www.slicer.org). FA maps were displayed as color-orientation FA maps (green: anterior-posterior, red: superiorinferior, blue: left-right). The registration and superimposition of color-orientation FA maps with T1-weighted MR images (anatomic reference) used linear rigid registration suggested by Pataky et al. 21 (Figure 1 ). This was done by automatically and then manually modifying the linear transformation, such as translation and rotation of FA maps. Then nonlinear transformations, such as inter-slice space resizing of FA maps, were manually modified in Slicer in order to compensate for non-linear deformations inherent in diffusion MRI data 22 . Anatomic precision of the registration was then reviewed by visual analysis of merged images and iterative test-re-test using several landmarks. Landmarks used were: putamen, pallidum, corpus callosum (whole body and/or major and minor forceps), anterior and posterior limbs of the internal capsule, cerebellar contour, tentorium of the posterior fossa, cerebral lobe contour, sylvian regions, upper brainstem contour, ventricular system (frontal horns and trigone), inter hemispheric fissure and several main gyrations ( Figure 1 ). For each subject we generated a 3D brain model and a model of the temporal and occipital horns of the lateral ventricle based on the individual T1-weighted MR images ( Figure 2 ).
Tractography
DTI fiducial-based seeding tractography (continuous diffusion tensor algorithm, 23 ) in Slicer was applied. To reconstruct the relevant white matter fascicles, multiple fiducial volumes were seeded along the optic tracts, near the LGN or next to the OR according to anatomical references methods to identify the LGN and optic tracts in T1-weighted images and FA maps as previously described 15, 24, 25 . The LGN is described as a lenticular-shaped structure with high signal intensity, lateral and caudal to the pulvinar of the thalamus in T1-weighted magnetization-prepared rapid gradient-echo image (13.5/7/2; inversion time, 300ms; matrix, 192×3×256; field-of-view, 200 mm; 48 sections of 72-mm slab thickness 26 ). On FA maps, the LGN is a black area medial to the green color region representing fiber tracts that run through temporal stem 24, 25 . The optic tracts partially encircle the hypothalamus and the rostral portions of the crus cerebri on T1-weighted images. The multi-colored region (mix of all 3 colors) lateral to the blue and red crus cerebri in FA map also represented the optic tracts 24, 25 (Figure 3 -A). DTI fiducial seeding tractography was performed with linear measurement stopping mode and tracking curvature thresholds, respectively, of 0.12-0.15 and 0.4-0.6 degree/mm as suggested by Dauguet et al.'s study 27 . Four white matter fascicles were reconstructed: the optic tract-optic radiation fascicle (OR), Meyer's loop (ML), the fronto-occipital part of the inferior longitudinal fascicle (IFOF), and the parieto/occipito/temporo-pontine fascicle (POTPF). To ensure that reconstructed OR fascicles connected the optic chiasm and occipital lobes through the LGN, fiber tracking was seeded from multiple fiducial volumes (cubic seeder of 0.5mm edge) placed on the optic tracts near LGN. After comparing with the methods and results of classical DTI studies 4, 15, 16, 17, 18 , we hypothesized that our method should be more accurate than seeding directly in the LGN based on the following three considerations. First, the boundary between the optic tracts and crus cerebri was more obvious than that between the LGN and neighboring tracts, because different color-coded directions of tracts could be easily identified. Second, we could also check whether the OR could pass the LGN and connect the optic chiasm or not, to make sure the tracts reconstructed belong to the visual pathways. Third, in their cadaveric study, Türe and Yasargil also thought the beginning part of OR was amongst a dense network of many neighboring fibers 5, 6 , so seeding directly in the LGN may increase the possibility of including neighboring tracts.
The number of fiducial volumes did not have a predefined upper limit; rather, fiducials continued to be added until no further expected fibers were found. After the OR was identified, fiducial volumes or seeders for the IFOF were placed lateral to the OR to reconstruct fascicles connecting the frontal lobe and the occipital lobe and next to the OR. Fiducial volumes for the POTPF were placed medial to the OR to reconstruct fascicles connecting the parietal/occipital/temporal lobe and the pons. The number of streamlines of the reconstructed OR was counted in all subjects. A paired t-test was applied to the results comparing left and right OR with a significant difference set at P<0.05.
To verify the reproducibility across observers, we involved seven clinicians as raters (two neurosurgeons, two radiologists, two oncologists, and one psychiatrist). They were shown how to use the software and were asked to independently reconstruct the right visual pathway of one healthy subject using our method. The number of streamlines of the reconstructed OR was counted.
Data analysis
Three distances were measured: between the anterior tip of the OR (Tor) and the temporal horn of the lateral ventricle (Tor-TH), Tor and temporal pole (Tor-TP), and between Tor and occipital pole (Tor-OP) ( Figure 3 -B). These distances were measured parallel to the AC-PC plane and perpendicular to the coronal plane of T1-weighted images. Because of inherent distortion in the FA maps 22 despite co-registration and manual modification of the two images, the T1-weighted images and FA maps still were not exactly aligned. The mesencephalons in T1-weighted images were always a little longer than those in FA maps, so the LGN in T1-weighted images were always a little posterior to those in FA maps. Therefore, we calculated a compensated anterior-posterior distance (Ca-p) between the T1weghted image and the FA map( Figure 3 -C). The Ca-p distances were measured between the posterior edges of the mesencephalon in the T1-weighted images and FA maps. The Tor-TH and Tor-TP were corrected by adding the Ca-p distances, and the Tor-OP were corrected by subtracting the Ca-p distances.
Results
Course of the visual pathways
In all subjects, superior, central and inferior bundles of the visual pathways were identified from the optic chiasm through the LGN to the calcarine sulcus. The OR originated from the LGN, and ran laterally and dorsally along the temporal horn of the lateral ventricle, and laterally along the occipital horn of the lateral ventricle. The OR is most closely approximated to the ventricle at the occipital horn. Two patterns of the visual pathways were found: (1) the ML first extended a small distance in an anterolateral direction before looping back towards the occipital lobe (Figure 4 -A) and (2)the ML ran directly towards the occipital lobe without looping (Figure 4-B) . The numbers of streamlines of the left reconstructed OR ranged from 15 to 27, mean ± standard deviation 19±4, while that of the right OR ranged from 16 to 28, mean 21±4. The paired t-test on numbers of streamlines of the left and right OR was not significant (P > 0.05). The numbers of streamlines of the right reconstructed OR by observers ranged from 21 to 25, mean ± standard deviation 23±1. The variability of morphology among observers can be visualized in Figure 5 . All the raters showed the similar second pattern of right visual pathways. The similar morphology of the reconstructed OR and small variability of the numbers demonstrate high reproducibility across observers.
Projection of the OR and ML onto the surface of the 3D brain model
Based on data from the individual 3D brain model reconstruction, the relationships between the OR/ML and temporal gyri and sulci can be described. The OR were found to run more likely deep in the whole superior and middle temporal gyri and superior temporal sulcus, while the ML were more commonly found deep along the inferior part of superior temporal gyrus and superior temporal sulcus. In two subjects, the ML could be seen deep in middle temporal gyrus ( Figure 6 ). The left and right average distances from lateral edge of the OR to brain surface were 33.50±1.07mm and 33.02±0.73mm, respectively (Table 1) .
Relationship between the visual pathways, IFOF and POTPF
The visual pathways demonstrated a close relationship with IFOF and POTPF. These tracts were in close proximity crossing one another, but only the visual pathways ran through LGN. It was also found that fewer neighboring tracts mixed with the optic tracts, but much more neighboring tracts mixed with the OR, especially at the beginning part of the OR from the LGN. The relationships of the visual pathways, IFOF and POTPF are shown in Figure 7 . The IFOF and POTPF were lateral and medial tracts to the OR, respectively. The left and right average distances from lateral edge of the IFOF to brain surface were 31.05±1.71mm and 31.16±1.19mm, respectively. The left and right average distances from lateral edge of the POTPF to brain surface were 34.94±1.82mm and 35.36±2.28mm, respectively (Table 1) .
Distances measured for evaluating the location of OR in vivo
The distances measured for evaluating the location of the anterior tip of OR in vivo are listed in Table 2 . We compared the distances obtained in our study with those obtained in (1) a cadaveric study using Klingler's fiber dissection technique (Ebeling, 1988 ); (2) patient lesion studies using DTI tractography (Nilsson, 2007, and Yogarajah, 2009 ); and (3) a patient lesion study using linear regression analysis to estimate the location of the anterior tip of OR (Barton, 2005) . The comparisons are also listed in table 2 2, 15, 18, 28 . The results across studies were inconsistent. The results from Barton's study were consistent with the cadaveric study. However, the tip of the OR in our results was about 13mm posterior to the cadavaric study, the one in Nilsson's results was about 21mm posterior, and the one in Yogarajah's results was about 5mm posterior.
Discussion
This study uses a novel interactive selective tractography method to demonstrate the individual anatomy of the visual pathways in the temporal lobe. After comparing with the methods and results of classical DTI studies 4, 15, 16, 17, 18 , we hypothesized that our method should be more accurate than seeding directly in the LGN. However, in the future a statistical comparison should be applied between different algorithms to verify the superiority of our method. By serially adding seeder volumes until no further anatomically plausible tracts were found, the proposed method may allow a more exhaustive accounting of the anatomy in this complex small region. Using this approach we were able to demonstrate three bundles of the OR in most patients and two patterns of the visual pathways (Figure 4) . The reproducibility of the visual pathway reconstruction was demonstrated to be high by seven clinicians as raters ( Figure 5 ). The first pattern had been described in the classical anatomy of the OR, and the second one was also delineated in a previous cadaveric study. Using reconstructed individual 3D brain models, projection of the OR onto the brain surface could be shown ( Figure 6 ), which could be useful for clinical decision-making such as neurosurgical guidance and planning. We were also able to reveal the relationship between the OR and neighboring tracts (Figure 7) , which showed that the IFOF and POTPF were lateral and medial tracts to the OR, respectively.
Two patterns of visual pathways may exist in healthy subjects
Recent cadaveric studies have demonstrated OR and ML with consistent shape and pattern as the classical course of the OR 29, 30 . This classical course had also been reconstructed and identified by many investigators using DTI tractography in vivo by manually choosing two regions of interest (ROIs) at LGN and calcarine sulcus, respectively 4, 15, 16 . Based on our results, we hypothesized that two patterns of visual pathways may exist in healthy subjects. The first pattern demonstrated in our study (Figure 4-A) was similar to the classical course. The second pattern seen in our results (Figure 4 -B) has also been described in one cadaveric study 5 . The authors of that study concluded "that the classical description of the optic radiation reported by Meyer is incomplete and that further investigation is necessary for an understanding of this complex structure". Yasargil et al. also thought it was not possible to accurately delineate the anterior tip of the OR, even using micro-dissection techniques in cadaveric studies, particularly amongst a dense network of many neighboring fibers 6 . Although the reproducibility test in our study demonstrated high reliability, due to the technical limitations of the cadaveric study and algorithmic errors of DTI tractography, the real anatomy of the visual pathways still remains unclear, and will need to be investigated in the future research combining cadaveric and DTI tractography results in more subjects.
Significant variability of delineation of the OR exists among healthy subjects and between different studies
In each of the cadaveric and DTI tractography studies, including ours, there are important complexities associated with complete and accurate delineation of the OR and ML. Significant variability was seen not only in each study, but also between different studies. The most significant disparities concerned the average distance from anterior tip of the OR to temporal horn. Distances from different studies varied over 20mm, particularly among DTI studies (Table 2 ) 2,4,15-18,28-30 . As cadaveric study was still regarded as the gold standard, the findings from Sherbondy et al. seem most accurate because they matched most closely with anatomic results. Nilsson et al. found that VFDs were consistent with DTI tractography changes after they made comparisons between pre-and post-surgery DTI tractography, but the results differed the most from those previously described in anatomic dissection. Many DTI studies used the same two ROIs (LGN and calcarine sulcus), but applied different algorithms for tractography. Chen et al. used the multi-volume of interest approach (multi-VOIs) at the LGN and occipital cortex and seeding tractography to display the ML pre-and post-operatively in temporal lobe epilepsy surgery in 48 patients. Their results were consistent with gross anatomy findings from cadaveric studies. These various results indicated that DTI tractography of the OR might not be accurate for estimating the location of the OR. However, with the help of individual 3D brain models, the relative location and projection of the OR can be shown individually ( Figure 6 ), which could make the results of DTI tractography more practical and more reliable. The combination of 3D brain modeling and DTI tractography could provide useful guidance for neurosurgeons to estimate resection margins and entry site of surgical approaches.
Our results also suggested that one of the reasons for discrepancies between studies could be the underlying individual significant variability of the OR in vivo. Another possible reason might be due to unclear relationships of the OR and neighboring tracts, which can be intermixed and difficult to separate even in cadaveric study 6 . Another reason should be due to the wide variability of measurements, which could be caused by distortion of different measurement modalities in cadaveric and DTI studies, distortion of MRI and DTI images, error of algorithms and so on. Although our reproducibility test showed small variability across observers, it still affected the accuracy of distance measurement.
The classical course of the OR may include many neighboring tracts and the actual size of the OR may be not as large as the classical one
Our results demonstrated that the lateral and medial margins of the OR were the IFOF and POTPF, respectively (Figure 7) . One cadaveric study also displayed the relationship between the IFOF and OR 19 , but did not mention the relationship between the OR and POTPF. This is likely because it was not possible to separate them, even when applying meticulous microtechniques 6 . We found these tracts were mixed and crossing with each other, and even formed similar loops as ML, which may help to explain why microdissection is not able to separate them accurately 6 .
The advantages of cadaveric study are that the results are intuitively plausible and, because no co-registration is needed, structural relationships may be clearly observed. The disadvantages are the difficulty in differentiating the real tracts of interest from neigboring tracts due to limitation of dissection techniques 5, 6, 31 . The potential exists that "demonstrating one fiber tract often resulted in the destruction of another fiber tract" in cadaveric study 6 limit the conclusions which can be inferred from classical gross anatomy of the OR and ML 5, 6 . Finally, such an approach could not inform understanding of the individual anatomy in vivo. However, the advantages of DTI are the study of individuals in vivo and non-invasiveness, but the disadvantages are distortion of FA map, co-registration error, and the inherent calculation error of the tractography algorithm. Distortion of the FA map is related to unfavorable effects of eddy currents 22 . Diffusion tensor images were obtained with echo planar imaging (EPI), which was highly sensitive to eddy currents. The caculation of the diffusion tensors could be impractical if different volumes of the series were distorted relative to each other, and finally resulted in distortion of the FA maps 22 . The distortion of the FA maps leads to misregistration of FA maps relative to the T1weighted images. Nilsson et al 15 thought classical anatomical "optic radiations" might overestimate the actual size of the OR because they might include part of neighboring tracts, but DTI tractography still might underestimate the actual size of the OR because tracts could be lost or mistakenly reconstructed by mathmatical error of algorithm in LGN.
Using in-vivo DTI tractography described in our study, the neighboring tracts could be differentiated from the OR properly because they did not originate from the optic chiasm through LGN to the occipital lobe. Thus, this approach using individualized application of DTI tractography in individuals could provide complementary information for description of the visual pathways.
Future work regarding anatomical investigation of the visual pathways and its application for pre-surgical planning
The real anatomy of the visual pathways should be verified by cadaveric study because it is still the gold standard. However, so far it is not sufficient, nor is DTI study. Our future work will focus on the development of micro-dissection techniques in cadaveric study and the combination of different algorithms of DTI tractography. One of our aims is to find the real anatomical description of the visual pathways and their neighboring tracts.
Patients with pathological conditions are different from healthy subjects. Another aim in our future work is to use DTI tractography to study the course of the visual pathways in different kinds of patients, and to measure the difference between healthy subjects and patients. This approach has many potential practical surgical applications. Accurate individualized anatomical delineation of the visual pathways and 3D models of brain and lateral ventricle could provide in-vivo location, size and edge of optic radiation for pre-surgical planning in patients with tumor, epilepsy, stroke, brain trauma and so on. Neurosurgeons could choose surgical approaches based on this information. In addition, the real-time reconstructed streamlines would be shown in the neuronavigation system by connecting with the Slicer software, so neurosurgeons could accurately evaluate and reduce the deficit of visual functions as much and as early as possible.
Conclusion
The visual pathways are complex structures whose anatomic details remain unclear. Presently, neither cadaveric study nor DTI tractography can fully describe the visual pathways. Although cadaveric study still remains the gold standard to delineate the optic radiations and Meyer's loop, DTI tractography with an individual 3D brain model provides a complementary method to study the OR and ML in vivo. In cadaveric study, it is difficult to separate the visual pathways from neighboring tracts and not suitable to apply the results directly to individual patients. Using the in-vivo DTI tractography described in our study, the neighboring tracts can be differentiated from the real OR, and the results are directly derived from the data of individual patients, though there remain problems of distortion and algorithm errors. Therefore, by combining the two approaches, it may be possible to balance out the weakness of each approach to produce a more comprehensive and accurate picture of the anatomic configuration of these structures, and apply the results for individual clinic and surgery more reliably. The first step of co-registration is rigid linear registration and superposition of colororientation FA maps with T1-weighted MR images. It was done by automatically and then manually modifying linear transformation, such as translation and rotation of the FA maps. The blue ellipse shows the FA maps were still longer and higher than the T1-weighted images after the first step of co-registration. The second step of co-registration is inter-slice space resizing of the FA maps by manually modifying in Slicer to review the anatomic precision of the registration (visual analysis of merged images, iterative test-re-test) using several landmarks: putamen, pallidum, corpus callosum (whole body and/or major and minor forceps), anterior and posterior limbs of the internal capsule, cerebellar contour, tentorium of the posterior fossa, cerebral lobe contour, sylvian regions, upper brainstem contour, ventricular system (frontal horns and trigone), inter hemispheric fissure and several main gyrations. A) The first pattern of visual pathways in which the tractography demonstrates the ML first extending a small distance in an anterolateral direction before looping back towards the occipital lobe. B) A second pattern of visual pathways in which the tractography demonstrates the ML running directly to occipital lobe without looping. Visual pathways are shown in orange, which include the optic tracts, ML and OR. Individual models of the temporal and occipital horns of the lateral ventricle are shown in blue. Background images are individual T1-weighted axial and sagittal images. Reproducibility across observers was verified using seven clinicians as raters. The right visual pathways of the same subject were reconstructed individually and visualized to check the variability. All the raters showed the similar second pattern of right visual pathways, in which the ML ran directly towards the occipital lobe without looping. The ML lied in the bottom part of the OR. The numbers of streamlines of the right reconstructed OR by observers ranged from 21 to 25, mean ± standard deviation 23±1. The similar morphology of the reconstructed OR and small variability of the numbers demonstrate high inter-observer agreement. Individually reconstructed 3D brain model demonstrates projection of the OR and ML onto the brain surface. The OR were found to run deep to the whole superior and middle temporal gyri and superior temporal sulcus, while the ML were found deep along the inferior part of superior temporal gyrus, superior temporal sulcus and middle temporal gyrus. Visual pathways are shown in orange, which include the optic tracts, ML and OR. Individual models of the temporal and occipital horns of the lateral ventricle are shown in blue. Background images are individually reconstructed as the 3D brain model. The opacity degree of brain model ranges from 0 (transparent) to 1 (completely opaque). The opacity in figure A is 1, to best depict the gyral surface. The opacity in B and C is 0.5, to best demonstrate the projection of fiber tracts onto the brain surface. The relationship among the visual pathways, IFOF and POTPF using DTI tractography demonstrates the IFOF and POTPF are lateral and medial tracts to the OR respectively. Visual pathways are shown in orange, which include the optic tracts, ML and OR. The IFOF and POTPF are shown in blue and green respectively. Individual models of the temporal and occipital horns of the lateral ventricle are shown in blue. Background images are individual T1-weighted axial and sagittal images. Table 1 The distances from lateral edges of the OR, IFOF, POTPF to the brain surface. The OR is just between the IFOF and POTPF. The IFOF and POTPF are lateral and medial tracts to the OR respectively. LE OR refers to lateral edge of the OR, LE IFOF refers to lateral edge of the IFOF, LE POTPF refers to lateral edge of the POTPF, and BS refers to brain surface. Comparison of distances in cadaveric study using Klingler's fiber dissection technique, patient studies and our study using DTI tractography. The anterior-posterior distances in our study were compensated individually using the compensation distance method described (Ca-p). Posterior is positive relative to the temporal horn (TH) while anterior is negative relative to the temporal horn (TH) in Tor-TH distances. 
